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- SECTION I 
INTRODUCTION 


This report presents the results of an experimental 
evaluation of the single-stage axial compressor described in 
detail in Reference 1. Performance objectives for the 
experimental stage were: 


Flow per Frontal Area: 39.7 1b/sec/ft? 

Rotor Tip Speed: 1500 ft/sec (standard conditions) 
\ Rotor Total Pressure Ratio: 1.966 

Stage Total Pressure Ratio: 1.912 

Rotor Isentropic Efficiency: 86.9% 

Stage Isentropic Efficiency: 83.0% 


The performance goals of this stage were based on a prelimi- 

er nary design study of a multi-stage compressor for an advanced 

a turbojet engine. Since the most serious aerodynamic design 
problems of the overall compressor were observed to be 

F. associated with the first stage, it was chosen as the subject 

a of an experimental research program. 


The results of the tests, reported herein, indicate that 

a all of the rotor and stage design goals were achieved or 

Bs 3 exceeded. Part-speed rotor and stage isentropic efficiency, 
especially between 75 to 95% design speed, was exceptional 

for the test stage. 


The second section of this report describes the test 
facility flow path, the compressor test vehicle, and the 
complete instrumentation system, including both compressor 
and facility instrumentation. The procedures used in taking 
test data and a description of the complete data analysis 
program are detailed in Section III. The results of the . 
test, including design point comparisons, are piven in 
Section IV. Section V, the last section, summarizes the 
conclusions drawn from the data. Appendix A includes the 
complete computer listing of the aerodynamic thru-blade 
analysis for the test point which most closely matched 
denign point conditions. Appendix B contains the input data. 
used in the across-blade aerodynamic analysis for each data 
point recorded during the test.. 


Appendiz B provides auffietent data such that any 
reader wishing to process any data potnt not fully presented 
tin the report, or wishing to process any data point 
differently, aan, with the aid of Feferenee 6, completely 
reprocess the data or adapt the data to his own data 
reduetion scheme, 
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SECTION 11 
TEST APPARATUS 


ds FACILITY FLOW PATH 


The test facility used is of the open-loop variety. 
It is shown schematically in Figure 1. Air enters the facil- 
ity through a filter designed to remove five micron particles 
with a 99.5 percent efficiency. The air then passed through 
a 30-inch duct to a Universal Venturi Tube located about 
six pipe diameters downstream. Two pipe diameters further 
downstream, the air is turned 90 degrees with the aid of 
turning vanes. Screens are installed perpendicular to the 
pipe axis Just before the elbow, and in the trailing edge 
plane of the turning vanes to prevent feedback related to 
flow separation on the turning vanes from reaching the venturi. 
Following the elbow, the flow passes through a tube bundle 
and subsequently enters a 48-inch diameter settling chamber. 
The settling chamber contains a perforated conical flow 
spreader and two screens patterned after the model inves~ 
tigated in Reference 2. From the settling chamber, air 
enters the compressor through a direct~coupled bellmouth. 
Air leaving the compressor is deflected radially outward to 
a peripheral throttle, The throttle consists of one stationary 
and one rotating cylindrical ring, each with 16 circumferen-~ 
tially distributed matching holes, Throttling takes place 
at a diameter of approximately 47 inches. The throttle is 
designed to vary from fully open to fully closed in 200 equal 
area increments. Downstream of the throttle, the flow enters 
a collector, from which it is passed through a 24-inch 
diameter duct to a silencer, and back to the atmosphere. A 
fast-acting poppet type valve, bypassing the throttle valve, 
provides a 20% increase in total throttle area to relieve 
compressor surge conditions on manual command. . A cutaway 
drawing is shown in Figure 2, The perforated plate indicated 
just upstream of the tube bundle in Figure 1 was removed 
for this test to decrease the pressure drop through the 
facility. 


2. COMPRESSOR TEST VEHICLE 


A cross-section of the research compressor is shown in 
‘Figure 3. The design employs a cantilevered rotor supported 
by four 0.5 inch thick bearing support struts with leading 
edges located about two stator chord lengths downstream of 
the stator trailing edge plane. The rotor tip diameter is 
nominally 17 inches... O11 seals are controlled gap carbon 
seals with an air barrier. No oil leakage into the flow 
path has ever been experienced. Cold rotor radial tip clear~ 
ance with the rotor at rest is 0.024 to 0.026 inches. Hot 
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clearance at design speed is predicted to be approximately 
0.012 inches or about 0.3 percent of the rotor tip chord. 
The rotor shaft is mounted on ball bearings. Radial runout 
does not exceed 0.0005 inches. This configuration uses 

no inlet guide vanes. Surface finish on all surfaces 
adjacent to the flow upstream of the bearing support struts 
is 32 microinches or better. An abradable coating has 

been employed in the casing adjacent to the rotor tips. 
Barely visible rubs were experienced; these occurred at 
design speed in stall. The rotor is of integral construc- 
tion, the blades and disc being machined from a single 
forging of 6A1-4V titanium. The stator blades are individ- 
ually inserted but are machined integrally from 303 
stainless steel with platforms at hub and tip. The gap 
between adjacent platforms lies in the range of 0 to 

0.002 inches, A photograph of the rotor is shown in 

Figure 5 and of the stator assembly in Figure 6. The 
assembled stage is shown in Figure 7. 


3. COMPRESSOR INSTRUMENTATION 


Aerodynamic instrumentation in the compressor consists 
of measuring probes in the stator leading edges for total 
pressure and temperature, rakes downstream of the stators 
for total pressure, temperature and flow angle (circumferen- 
tial), static pressure taps on the inner and outer flow 
paths and on the surfaces of one pair of stator blades, 
dynamic pressure measurements along the casing wall over 
; the rotor tip, and dynamic strain gage measurements at 
F i” several points on the rotor blades. Measurements of inlet 
ee pS total pressure and temperature, mass flow, relative 

humidity, and rotor speed are accomplished cutside the 

compressor and are discussed in paragraph 4 of this 
section, The compressor research vehicle has a total of 
171 sensors measuring aerodynamic parameters at various 
points throughout the stage. Refer to Figures 3 and 4 _ 
and Table 1 for specific locations, Some of the static 
pressures are sensed at more than one point and are 
manifolded to become, in each case, a single measurement, 
Figure 8 shows the vehicle ane brunenegnicn bulkhead. 


a. ‘Temperature Measurenents — 
~ 1.  Loeation 


A total of fifty-one thermocouples are used to — 
sense aerodynamic temperature within the compressor, Nine 
are mounted in the vane leading edges and forty=two are 

‘located in 81x discharge~plane rakes. ‘The vane leading 
edge and rake mounted thermocouples are of the slot vented 
type shown in Figure 9. A detailed analysis of the 
features of the slot vented design, along with recovery 
factor characteristics, may be found in Reference 3. 


. The discharge-plane rakes each have seven sensors, equally 
spaced radially, while rake circumferential spacing is 
2.167 times the angular spacing between vane trailing edges. 
The nine stator leading edge thermocouple probes are 
distributed on two vanes; one having four sensors and the 
other having five. The sensors are uniformly spaced 
radially and aligned with the anticipated pitch angle of 
the flow. The locations of the vane leading edge probes 
and the discharge rakes are shown in Figures 3 and 4, 
listed in Table 1, and shown assembled in Figures 6 and 7. 


2. Calibration 


All thermocouples were fabricated from insulated, 
single rolls of Chromel-Constantan or Chromel-Alumel wire. 
The thermocouple type listed in Table I distinguishes which 
type was used for each measurement; "1" for Chromel- 
Constantan and "2" for Chromel~Alumel. Thermocouples made 
from samples of each roll of thermocouple wire were calibrated 
against a Model 162 platinum resistance bulb primary standard 
manufactured by Rosemount Engineering Company. A constant 
temperature oil bath, made by Lauda Division of Brinkman 
Instruments, Inc. was used as the heat medium, The bath was 
set at four different-temperatures within the range of 
interest. The results, indicated in Table 2, show a worst 
case error of plus or minus 0.5°F at the highest temperature. 


With the thermocouples calibrated as indicated, 
the entire electronic system employed to record temperature 
data was examined. The results are shown in Table 3, Taking 
the worst case error, at the highest temperature, for both 
the thermocouples and readout system yields a maximum 
error of plus gr minus 0.9°F, The more realistic RSS error 
goes from 0,23°F at 150 degrees to 0.65°F at 350 degrees. 
Finally, when recovery factor variation js added, the RSS 
error at 350°F becomes plus or minus 1,0°F. Figure 10 
depicts the equipment used in the calibrations. se 


In addition to initially calibrating the 

thermocouples and temperature recording electronics, calli-~ 
bration temperatures are monitored during each test to. 
account for electronic drifting or component failure. Four 
calibration temperatures are sensed twice with each thermo- 
couple type on every data scan, The calibration temperatures 
are nominally 32°F, 150°F, 300°F, and 450°F, which are sup~. 
plied by a Model CSD+963 Temperature Calibration System 
manufactured by Hy-Cal Engineering. ‘The calibration tempera- 
tures were also calibrated against thé Rosemount Engineering - 
Company Model. 162 platinum resistance bulb primary standard 
and were found to be within plus or minus.2°F of the nominal 
temperature, but did not vary with time by more than plus 
or minus 0.1°F per 100°. Values for the calibration 
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temperatures used were the calibration values rather than 7 
the nominal values. The Temperature Calibration System is 
located adjacert to the test facility and thermocouple 

wires and connectors of the same type and length are used 

to measure both the calibration temperatures and the 
facility parameters. During data reduction, the calibration 
data are used to construct a potential difference (NBS ' 
potential minus observed potential at the calibration 
temperatures) verses observed potential curve. The raw 

data is then converted into engineering units by utilizing 
the calibration curve to establish a corrected value of 

the potential with which to enter the NBS reference tables. 
All thermocouples were referenced to 32°F using two Model 
K170 Ice Point References manufactured by Kaye Instruments, 
Inc. The accuracy of the reference temperature is not 
significantly important as long as the reference temperature 
is stable during a data scan. 


b. Pressure Measurements 
1. Location 


Forty-four static and fifty-one total pressures 
are measured in the vehicle flowpath. Sixteen of the 
static taps are distributed at various points on the 
compressor flowpath liners. In particular, ten of these are 
located over the rotor tip, starting at 0.25 inch axially 
forward of the leading edge and following at 0.25 axial 
increments downstream. A further ten static pressures are 
measured approximately mid-span radially on two adjacent 
vanes with seven suction side pressure tups on one vane 
and three pressure side taps on the other vane. 


Nine total pressure probes are mounted on the 
leading edge of two stators, four probes on one vane and 


._ five on the other vane, equally spaced radially. These 


probes are of the Kiel stagnation tube design shown in 


Figure 11. Six pressure rakes are circumferentially spaced 


at 2.167 times the angular spacing between etator vane 
trailing edges, dividing the discharge annulus into six 
equal circumferential increments, Each rake contains seven 
radially distributed stagnation tubes with the second, 
fourth, and sixth element consisting of cobra~type 


directional probes. A wee rake configuration is shown | 


in Figure 12, Reference 4 describes the cobra-type 

probe design and the calibrations of the specific probes in. 
use, The cobra probes on each rake are individually 
calibrated versus yaw angle from plus ten degrees to minus — 
ten degrees and checked over a Mach number range from 0.41 to . 
0.81. No dependence on Mach number was observed and a first 
degree polynominal least squares surve fit calibratt on was. 
established for each cobra’ probe. 
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Located in conjunction with the static 
pressure taps placed over the rotor blade tips are ten 
Kulite Model Number XTS-1-190-200 dynamic pressure 
transducers. These transducers are recessed slightly in 
the abradable coating on the casing adjacent to the rotor 
tip to prevent damage by a minor rotor rub. The reference 
side of each transducer is connected to the corresponding 
static pressure tap at the same axial location. 


2. Calibration 


Six Kulite strain gage type transducers are 
used to convert the various pressures into electrical 
signals for processing through readout and-recording. One 
transducer_is located in each of six, forty-eight port 
Scanivalve~ sequential pressure switching devices. The 
pressures to be sampled are connected to odd numbered ports 
while moderate vacuum is applied to all even numbered 
(roughing) ports to minimize hysteresis effects. 


Four calibration pressures are sensed by all 
six Secanivalves on every scan, These are 5 PSIA, 15 PSIA, 
15 PSIG, and 30 PSIG. The calibration pressures are 
supplied by Ametek Model PK~-30 self-regulating, primary 
deadweight type, pressure standards. The 5 PSIA and 15 
PSIA pressure standards are enclosed in sealed containers 
which are kept at 300 to 400 microns Hg absolute pressure 
and are corrected for this non-zero level. Barometric 
pressure is measured via two ports located on the instrument 
bulkhead. These ports are scanned twice for each data point. 
The value of barometric pressure is then obtained using 
the scanned values and a calibration curve established by 
the 5 PSIA and 15 PSIA calibration pressures. This 
barometric pressure value is used to correct the 15 PSIG 
and 30 PSIG calibration pressures to absolute values. 
These velues are then used to complete the pressure calibra- 
tion curve from 15 PSIA to 30 PSIG. The recorded outputs for 
the four calibration pressures are used to create a new. 
calibration curve for each transducer for every data scan. 


¢. Readout Electronics 


Data are collected and recorded through use of a 
Hewlett Packard 2012B Data Acquisition System (DAS). ‘This 
system is comprised of a 2911 guarded crossbar scanner, 
2547A coupler, 2402 integrating digital voltmeter, 5050B 
digital recorder, and a Kennedy 1506 incremental tape 
recorder. . — 
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-Igeanivalve is a trademark of Scanivalve, Inc. 
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As previously stated, pressure measurements are routed 
through six Scanivalve units using Kulite transducers for 
conversion into electronic signals. A "Seanivalve" offers 
the advantage of using the same transducer to measure many 
pressures and lends itself to on-line calibration as 
described above. An interface unit was built to program 
the scanivalves, along with other parameters, into the 
HP DAS in a manner which minimizes scanning time without 
compromising transducer settling time. Instead of sampling 
the same port on all valves sequentially before stepping to 
the next port, the digital interface causes each valve to 
move incrementally through its next roughing port to its 
next data point immediately after being interrogated. 

Each transducer then has an opportunity to settle out at 

its next test pressure while four others are sequentially 
interrogated. This sequence is repeated until all ports 

are sampled. Approximately ten seconds lapse for the entire 
procedure. 


4, TEST FACILITY INSTRUMENTATION 
a. Rotor Speed 


A Bentley Model 306 transducer senses six grooves 

machined into the gearbox/rotor driveshaft coupling. The 
output is fed into a Model 3115 proximitor for signal 
conditioning. The proximitor signal is a train of pulses 
having a repetition rate corresponding to rotor RPM/10, 
This repetition rate is direetly recorded by the HP DAS, 
A Bentley Model 3050 tachometer provides a visual indication | 
of rotor speed accurate to ten RPM. The tachometer also 
includes an adjustable speed Lemp Ane switch as a mad 
feature, 


vb. Mass Flow 


The inlet flow is metered through a 30-inch. 
Universal Venturi Tube manufactured by B.I.F. Industries) 
with a 17.400-inch throat. Meter accuracy has been 
calibrated to plus or minus one-half percent by the 
manufacturer. Static pressure taps are located both in the 


peanens and in the inlet cavity.. 


ec. Inlet (Plenum) Total Pressure and Temperature 


Compressor inlet total pressure is assumed equal to 
plenum static pressure just downstream. of the last screen. 


Four static taps are manifolded into one pressure source. 


and recorded on two separate Scanivalves. At maximum. 

flow rate, the error is'no worse than 0.003 PS{, verified 
by calibration. Inlet total tem -rature is sensed by four 
bare Junction thermocouples located in the same axial plane_ 
as the pressure taps at two different radii in ne plenum 
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The thermocouples are supported on two cables stretched 
across the inlet plenum, 


d. Analog Compressor Mapping 


An on-line plot of stage pressure ratio verses 
pseudo mass flow is effected through use of a Mosely Model 
2FRA X-Y plotter. Teledyne pressure transducers are used 
to sense stage inlet POl, stage exit PO3 from a mid- 
radius stagnation tube and casing Pl (measured 1.0 inch 
upstream of the rotor). Operational amplifiers are used to 
ratio exit PO3 to inlet POl and also to ratio casing Pl 
to inlet POl. Stage pressure ratio (P03/P01) is used to 
excite the Y-axis while the pseudo mass flow (1-(P1/P01)) 
is sent to the X-axis. The approximate compressor map so 
obtained is used to select a reasonable distribution of 
throttle settings at which to record detailed data. 


e. Relative Humidity 


A Foxboro Dewcel Mcdel 2711TG-K222 was mounted in 
the inlet stack to monitor humidity. This device continuously 
measures the moisture content of the air by sensing the 
temperature at which the partial pressure of its water 
vapor is equal to the water vapor pressure of a saturated 
salt solution. The humidity information is acquired by the 
DAS as a thermocouple reading on every test run and subse- 
quently treated in the Phase I data reduction program. 


fr. Strain Gage Telemetry System 


To insure a clean, unobstructed inlet, a Gelohetrs 
System was used to eonvey strain gage data from the roter in 
lieu of a slip ring. Installation of the rotating components | 
was made in the rfearbox-to-vompressor driveshart, | The size 
of this shaft limited the system to five ‘available channels. 
Figure 13 shows the Telemetry carrier tubes along side the 
two shafts in which they were designed te fit. Figure 1a 
shows the roter downstream face with the female strain gage 
connector located at the center. The corresponding male 
half 4s shown in Figure 15. A connector at this interface | 
was installed to permit removal of the rotor without 
disturbing gage leads. The Telemetry modules and FM. 
revelver were manufactured by Acurex. 


Three strain gages were applied to each of four different 


blades at locations previously determined during shake 


table tests. The redundant gazes were applied to insure 
survival of a sufficient number to complete testing. If 
required, gagé leads could have been thanged at patches 
provided for that purpose, located at the rotor hub 0.D. 
However, the five gayes originally connected remained 
operative during the entire testing sequence la 
negating the need to make any changes . 
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Great care was taken during gage application tc 
insure minimum effect on the airstream, The maximum 
height of the gages & lead out cross section was held to 
10 mils, with the edge feathered over a large area. 
EpoxyLite 5403 Adhesive and fine silk cloth were used to 
provide the required fillet. Figure 16 shows a typical 
gage application. 
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SECTICN 1/1 
TEST PROCEDUKe AND DATA REDUCTION 
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1. TEST PROCEDURE 


oS Test data were taken generally in order of increasing 
: speed, with several different compressor throttle settings 
i being probed at each speed. The on-line analog plot of 
stage pressure ratio versus pseudo mass flow was used to 
select the test points. 


For each sreedlinc, test data were first acquired at an 
open throttle, open surge valve condition. The second data 


i point was obtained with an open throttle, closed surge bs 
é valve condition, Although the open surge valve produced a 
; Slight asymmetry in throttling, the increased mass flow this 


permitted expanued the operating range which could be mapped 
to a useful ecgeree. After the second datd point was acquired, 

i the compressor was gradually throttled to induce stall. 

After recovery, several throttle settings in the operating 

: range wei. selected to complete the mapping of the speedline. 

i One or move of three sources were used to indicate stall: 

' The outputs of the dynamic pressure transducers located over 

‘ the rotor tip, a microphone located in the plenum, and the 
ouvputs ofr the strain gages located on the rotor blades. The 
stall con*ition was relieved immediately by Openens the pneumat- 
ically actuated surge valve. 


Test data were acquired at the rate of about one speedline 
per hour. Some test points were repeated on different days to 
assure data integrity by comparison to previously acquired 
data. Exceptions to the test Procedure described above 
were required for the 90%, 95%, and 190% speedlines. The. 
elevated power requirements for the drive motor at these 
speeds caused the motor windings to overheat, limiting the 
operating time to eight to ten minutes on any given attempt. 
The speed then had to be reduced for several minutes to allow 
eal the windings to cool. 


Prior to each tesv., barometric pressure and vacuum 
i reference pressure were recorded to check the calibration 
; pressures. The rig was initially brought up to speed and then 
: monitored for about ten minutes, to permit equilibrium to be 
i reached, A five minute dwell at each throttle setting was 
' observed prior to data acquisition, Two complete data scans 
t were acquired at each test point. 


A l2-character test identification number was manually 
assigned tu each test point (consisting of two data scans) 
and acquired by the DAS as the first item of data: 
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' CHARACTER DATA 
t 
i 1 Last digit of year (0-9) 
2-3 Numerical month (1-12) 
4nd Numerical day of month (1-31) 
: 6=<7 Test number on that day (1-99) 
: 8-10 Throttle setting (0-200) 
i 11-12 Percent speed (0-00 = 100%) 


during each data scan, a total of 470 data items were recorded; 
the channel number as the first Item followed by its 
recorded voltage as the second item. 


26 DATA REDUCTION - PHASE I 


Phase I reduction of the test data was accomplished using 
the computer program described in Reference 5. This computer 
program converts the raw data into engineering units, groups 
and displays the acquired data in a readable format, provides 
an initial analysis of compressor stage performances, and 
prepares a data ueck for the Phase II aerodynamic analysis. 

The data is checked against specified tolerance for accuracy 
and obvious error, and transducer calibrations are compared 
with manufacturer‘’s specifications. Further data reduction is 
terminated if erroneous or inconsistent data is recorded. 

The user has the ability to edit recorded data if required. 


In cases where multiple dita scans are recorded at the 
same test point, the user has the option for the Phase II 
aerodynam’c analysis of having one data deck prepared for each 
data scan, or having an "average" data deck prepared, averaging 
the results of all scans at that test point. The averaging 
opfion was employed with two scans per test point. The 
following options of the Phase I data reduction program were 
also used: 


a. Temperature effects were considered in caloulating 
gas properties, 


b. Thermocouple calibration data was available and 
this data was utilized in the conversion of the. 
thermocouple outputs. 


ce The program automatically corrects all results to 
standard sea-level conditions. 


Printed outputs were generated for each data scan and the 
two seans at each test point Were manually compared to check 
for any errors or instability. 
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3. DATA REDUCTION - PHASE II 
a. Basic Program Description 


Phase II reduction of the test data was performed 
using the computer program described in Reference 6. This 
computer program provides a detailed aerodynamic analysis 
of the test compressor stage, utilizing the geometry of the 
stage and the Phase I output data deck as inputs. Analysis 
of each test point is performed individually, although any 
number of test points may be analyzed in one computer run. 


The system of equations incorporated into the 
Phase II computer program includes a full treatment of the 
axisymmetric equations of motion of an inviscid fluid, 
including plade-force terms, and the assumption of a thermally- 
perfect gas as the working fluid, The equations are solved 
in finite difference form by the streamline curvature 
method. Wake and boundary layer blockages and flow deviation 
within blade rows are either calculated or input as a user 
option in the computer program.- 


Output from the program includes printed details of 
the flow field at each computing station, performance details 
for the blade-sections, calculated blockages, and, optionally, 
CALCOMP plots of blade performance parameters and the stage 
Static pressure distribution, 


b. Across-Blade Analysis 


Phase II Across-Blade analysis was performed for each 
test point on all speedlines. The computing station axial 
distribution for the Across-Blade analysis is shown in Figure 17 
(it should be noted in the figure that the computing stations 
need not be radial and can be input as curvilinear; i.e., to 
follow blade edges). Wake and boundary layer blockages were 
iteratively determined by the program at stations 7, 8, ll,. 
12, 13 where experimental casing static pressures could be 
matched by the calculated values. At stations 9 and 10 where 
no experimental casing static pressures were measured, 
blockage values were linearly interpolated between the values 
calculated at stations 8 and 1]. 


ce. ThrueBlade Analysis 


To obtain a more detailed picture of the flow within 
the compressor rotor, the test point closest to design point 
‘*, + ¢hosen for Thru-Blade analysis. The more detailed analysis 
involved the introduction of four additional computing stations 
within the rotor. The location of the additional computing 
- Stations is shown in Figure 17. © 
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Initial data input for deviation and blockage was based 
on design values and distributions. Due to the difficulty of 
obtaining a converged thru-blade solution at design flow, 
input deviation values were frozen at all internal stations. 
In addition, blockage values at stations 7 and 8 were also 
held to initial input values. This required some manual 
iteration of values between computer runs. 


Convergence of the final solution was based on the 
following criteria: 


1. The desired flow was passed through the stage. 

2. Experimental casing static pressure values 
were matched within set tolerance limits. 

3. Reasonable axial distributions of blockage 
and deviation were achieved. 
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SECTION IV 
RESULTS 


dey OVER-ALL PERFORMANCE 


The mass~-averaged performance of the rotor and of the 
complete compressor stage is tabulated in Table 4 and plotted 
in Figures 18 and 19. The performance indicates that all of 
the rotor and stage design goals were achieved. At 100 
percent design corrected speed, corrected flow was approxi- 
mately .5 lb./sec. higher than design, rotor efficiency 
was 3.5 points higher at a value of 90.4 percent, stage 
efficiency was 5.2 points higher at a value of 88.2 percent, 
rotor total pressure ratio was 6.8 percent higher at a 
value of 2.100, and stage total pressure ratio was 8.0 
percent higher at a value of 2.065. The compressor was 
throttled to stall at each corrected speed shown on the map, 
with the exception of 75, 80, 85 and 100% speeds. A 
region of aerodynamic instability was encountered near stall 
at the 75, 80 and 85% speeds. At 100% speed, a slight casing 
rub near stall prevented data from being taken. For the 
other speeds the data point nearest stall was taken at a 
throttle opening approximately 0.5 percent further open 
than the setting which precipitated stall. This change in 
throttle area is equivalent to about 0.49 percent of the 
annulus area at the rotor inlet. 


2.  BLADE-ELEMENT PERFORMANCE (ACROSS BLADE) 


The radial distributions of relative inlet Mach 
number, incidence angle, loss coefficient, diffusion 
factor, and deviation angle for both rotor and stator are 
presented in Figures 20 through 119, using Tables 5 through 14, 
for each data point shown on the compressor map. One set of 
these five radial distributions is presented for each blade 
row at each corrected speed. In each of these sets, the 
distributions for all throttle settings are superimposed on 
each respective plot. This data, also used for the compressor 
map, was reduced with computing stations only at blade-row 
edges and in free spaces as described in Section III+3b. 


There were no computing stations internal to blade rows, 


It should be noted in the plots of radial distribution 
of rotor incidence that there is a notable fluctuation in 
incidence at all speeds between approximately 5.5 and 6.5 
inches radial dintance. This perturbation in incidence 
was caused by an input error in the final rotor blade 
design somputer run. Specifically, at computing station 1 
of the Streamsurface Geometry Specification input, the 
radii at streamlines 11 and 12 were reversed. Since 
computing station 1 is located upstream of the rotor leading 
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edge (computing station 2), streamlines 11 and 12 crossed at 
the rotor leading edge. ‘This ultimately affected the final 
blade shape in that region of the rotor. 


OS ONES AULA RETR ASE ENTE TNE 


Sa DESIGN SPEED DETAILED RESULTS 


SPOEM ET OTE P AT STE 


The data point at 100% corrected speed closest to 
design flow and maximum efficiency was selected for 
Phase II Thru=-Blade analysis, The identification number for 
this data point is 602200201900. Details of the thru-blade 
analysis technique are given in Section III-3c. 


Santry mt tes 


eating net 


During the analysis. procedure it was determined that 
several of the Phase II program calculation options could be 
varied and a converged solution could be obtained according 
to the criteria in Section III-3c for these different sets 
of input options. Specifically, two input options were 
varied. First, the rotor outlet total pressure can be 
obtained either from instrumentation readings located at 
the stator leading edge (option Po = 0) or from instrumen~ 
tation rakes located in the stage discharge plane (option 
P, = 1). The stator leading edge option uses mean total 
pressure readings while the stage rake plane option 
utilizes peak total pressure readings. The second program 
option concerns the blockage distribution factor input for 
the rotor trailing edge. This distribution factor (BDIST) 
varies the value of blockage at a computing station linearly 
from hub to tip by the following ratio: 


HUB BLOCKAGE 
BDIST = 


MIDRADIUS BLOCKAGE 


Two values were used in the analysis: BDIST = 1.0 and 1.37. 
To summarize, the following list describes the input values 
varied for the four different thru-blade analysis cases for 
test point 602200201900: 


Case 1: Py, = 0, BDIST = 1.37 

Case 2: Po = 1, BDIST = 1.0 

Case 3: Po = 1, BDIST = 1.37 
Case 4: P, = 0, BDIST = 1,0 


The results of the four cases indicated two major trends. 
First, varying the Po option and holding the BDIST option 
fixed influenced the radial distribution of rotor and stator 
losses, rotor deviation and stator incidence, Second, 
holding the Pp option fixed and varying the BDIST option 
affected the level of rotor hub trailing edge deviation and © 
the axial variation of stage mid-span blockage. 


i 
! Of the four cases analyzed, Cases 1 and 2 provided the 
; closest experimental casing static pressure match and are 
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presented in detail. The detailed aerodynam'c results for 
Case 1 and 2 are described separately in computer printoucs 
listed in Appendix A. Comparison plots of the radial 
distribution of the same five parameters “or rotor and stater 
described in the across-blade results are shown in Figures 
120 through 129, using the symbcls listed in Table 1&. The 
axial static pressure distribution for each case is shown 
in Figures 130 and 131. A comparison of the effects of 

the analysis program options on the axial distribution of 
rotor deviation and stage blockage is shown in Figures 132 
through 134, respectively. 


In addition to the case 1 and 2 comparison results, 
other plots for test pt 602200201900 are shown in Figures 
135 through 140. These include a plot of stator mid-span 
static pressure, compressor hub and tip geometry and 
velocity diagram plots, and stage exit contour plots for 
total pressure, flow rate parameter and total temperature. 


4, DESIGN POINT COMPARISON RESULTS 


To obtain a comparison between design and experimental 
data, results from the Case 2 100% speed data point 
(I.D. 602200201900) were compared with the design prediction 
values and are shown in Figures 141 through 150, using the 
symbols listed in Table 16. These plots show the same 
radial dsitributions for rotor and stator as described in 
the previous section. Also included in these plots are 
the across blade results for test point 602200201900. 


5. ROTOR TIP DYNAMIC PRESSURE MEASUREMENTS 


Only a fraction of this data has been processed to-date 
and, consequently, only a few general observations concerning 
the dynamic pressure measurements will be made in this report, 
_ Principal attention was focused on design speed behavior at 
three throttle settings. These settings were 00 (choked 
conditions), 19 (stage peak efficiency) and 31 (near stall). 
At throttle setting 00, the passage shock appears to depart 
from the leading-edge pressure surface obliquely, merging 
to a normal shock about half way across the passage. At 
throttle setting 19, the passage shocks appear to have . 
nearly merged into a single normal shock. At throttle 
setting 31, the passage shock has been disgorged and is 
standing ahead of the leading edge, as would be expected. 

It is interesting to note that throttle setting 00 is 
closest to the design back pressure level and expected 
shock pattern, but the nearly normal shock corresponding to 
throttle Seueene 19 produced minimum losses. 
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SECTION V 
CONCLUSIONS 


The extremely high efficiency achieved by this compressor 
stage has resulted in much effort being expended in attempts 
to identify precisely which features of the design are most 
significant. Definitive conclusions of this sort have not 
been possible. However, certain features of the design do 
appear to have contributed. 


The first principal conclusion drawn is that the 
method of airfoil optimization chosen, which was applied 
uniformly to both blade rows, appears broadly successful. To 
refresh the readers memory, as described in Reference 1, the 
work distribution in the rotor, and angular momentum 
distribution in the stator, were adjusted to achieve a 
minimum (circumferential average) static pressure gradient,, 
modified only by a concession made to the Kutta condition 
near the trailing edge. The same criteria was applied 
regardless of whether the Mach number was moderate subsonic, 
as at the stator tip, or high supersonic, as at the rotor tip. 
It would seem excessively fortuitous if this had not 
contributed significantly. 


The second principal conclusion drawn is that the 
optimization technique mentioned above plus the choice of an 
axial velocity ratio across the rotor of substantially less 
than 1.0 did an excellent Job of controlling shock losses. 
The low axial velocity ratio kept the airfoil camber to a 
minimum and the optimization technique controlled the airfoil 
surt'ace curvature. Figure 151 shows some design speed, peak 
efficiency data points on a loss parameter versus diffusion 
factor plot. Because the dynamic pressure transducers over 
the rotor tip showed the passage shock to be approximately 
‘normal at peak efficiency operation, the measured loss 
coefficients were corrected by subtracting normal shock loss 
at the relative inlet Mach number to obtain the data points 
shown on the Figure. These points appear so unreasonably low 
that two possibilities are immediately evident. The first is 
that the shock losses may have actually been less than 
normal shock losses because of small secondary shocks present. 
The second, and perhaps more likely, possibility is that most 
of the rotor diffusion loss, which is cgntained in the rotor 
wake, has been attributed to the stator because that is where 
the fluid mixing of the rotor wakes occurred. That is somewhat 
substantiated by Figure 152 where the data points for the 
Stator appear higher than expected, Unlike Figure 151, the 
data in Figure 152 has not been corrected for any shock loss 
since the Mach number reached a maximum of about 1.0 at the 
hub and it was presumed that the sweep was fully effective, 
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ne ae The third principal conclusion drawn is that the swept 
: leading-edge at the stator hub also probably had a major 
impact on thé design, In spite of the stator hub Mach number 
of approximately 1.0, the stator hub losses were astoundingly 
: low. As shown in Figure 152, the total pressure loss 
i parameter was lowest in that region. However, what Figure 152 
: most likely shows best is the secondary flow effect produced 
i by the stator leading edge shape. The strong sweep at the 
: hub and the mild sweep at the tip have foreed the fluid 
: with the least momentum toward mid-=passage where it is most 
harmless, 


It has not been possible to draw firm conclusions 
regarding the airfoil/platform fillet treatment. However, 
the fillet treatment obviously did not penalize the design 
and may well have contributed usefully. 


Overall stage performance may be viewed in at least two 
ways comnared to design conditions. If one considers 
performance at design flow, both pressure ratio and 
efficiency goals were substantially exceeded with 2.065 
versus 1,912 recorded for stage total pressure ratio and 
0.882 versus 0.830 recorded for stage isentropic efficiency. 
On the other hand, if one evaluates stage performance at 
design total pressure ratio, the choked flow of 63.12 lb/sec 
slightly. exceeded the design flow of 62,60 lb/sec and the 
stage isentropic efficiency at 0.856 1s 2.6 points above the 
design value of 0.830. This efficiency was obtained through 
a slight extrapolation of a plot of total pressure ratio 
versus isentropic efficiency. This latter method of viewing 
the performance may be preferable from an engine operating 
line viewpoint because of the increased stall margin. 
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TABLE ITI 
CALIBRATION OF SAMPLE THERMOCOUPLES 


BATE SET ay AVG. OF 9 SAMPLES MAX. SPREAD 
ocA oF + OF 

65 148.1 148.4 0.1 
100 211.4 210.9 0.1 

150 300.8 301.4 0.4 
LTS 346.5 346.4 045 


A O11 Bath Set Pt. 
B Mueller bridge readout converted to temperature. 


TABLE III 
CALIBRATION OF TEMPERATURE READOUT ELECTRONICS 


SET PT, PRINTER OUTPUT MAX, SPREAD 

Avg? OF, Avgt OF + OF 
148.2 148.3 062 
210.7 210.7 0.2 
301.7 301.7 0.3 
345.4 345.5 0.4 


Average of two calibrated T/C's. 
Average of eight channels. 
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IDENTIFICATION OF SYMBOLS 
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IDENTIFICATION OF SYMBOLS 
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IDENTIFICATION OF SYMBOLS 
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APPENDIX A 


: TEST POINT 602200201900 COMPUTER 
PRINTOUT CTHRU-BLADE ANALYSIS) 


This Appendix presents the aerodynamic results (in 
the form of computer printout) of the Phase II Thru-Blade 
Re analysis of test point 602200201900. Both Case 1 and 
Case 2 analysis of this point is presented, with the 
complete input data for both cases included at the beginning 


of each listing. 
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APPENDIX B 


_ TEST DATA, INPUT DATA Be Grane I! 
DATA REDUCTION ‘ACROSS BLADE 


This Appendix lists the input data and test data in 
the form of computer listing for each data point on all 
speedlines. The input data or fixed data is given at the 
beginning of each speedline and applies to all points on 
that speedline. The test data for each data point includes 
the output deck from the Phase I analysis. | aes hee 
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